The electrical power drawn by an induction motor is distorted in case of appearance of a certain type of failures. Under spectral analysis of the instantaneous power one obtains the components which are connected with definite types of damage. An analysis of the amplitudes and frequencies of the components allows to recognize the type of fault. The paper presents a metrological analysis of the measurement system used for diagnosis of induction motor bearings, based on the analysis of the instantaneous power. This system was implemented as a set of devices with dedicated software installed on a PC. A number of measurements for uncertainty estimation was carried out. The results of the measurements are presented in the paper. The results of the aforementioned analysis helped to determine the measurement uncertainty which can be expected during bearing diagnostic measurements, by the method relying on measurement and analysis of the instantaneous power of an induction machine.
Introduction
Diagnostics of electric machines allows to assess the technical condition of a machine without the necessity for its disassembly, through analysis of diagnostic signals generated by the machine and their comparison with reference signals. Due to the fact that the majority of failures in electric motors is caused by bearing damage, one can observe a particularly dynamic development in this area of diagnostics [1] [2] [3] [4] .
There are various methods for bearing diagnosis. The most commonly used ones are based on vibration measurement. However, those methods cannot be used in the absence of direct access to the engine. In such cases, the diagnosis is possible based on the measurement and analysis of the values of the engine power supply. In this manner, converters can be mounted on the electric cable supplying the engine which is situated away from the machine. The diagnostics is possible as the bearing damages generate an additional component in the spectrum of motor current [5] [6] [7] [8] . Furthermore, the waveform of the instantaneous values of the power is deformed.
In this way, one of the possible diagnostic symptoms is the instantaneous power consumed by the motor. The measuring system designed for investigation of instantaneous power is presented in this article. Fig. 1 illustrates the block diagram of the system.
Due to the fact that the expected diagnostic components in the power signal have low values [5] in comparison with other components of this signal, their own noise should be small and the measuring system has to be highly accurate. While designing the system, particular attention was paid to these characteristics and the finished system was subjected to thorough examination. The subject of this article is a metrological analysis of the system designed for measuring instantaneous values of active power in diagnostics of induction motor bearings.
Metrological analysis of the measuring system
This chapter presents the metrological analysis of the measuring system used in the research.
The purpose of the metrological analysis of the system for measuring instantaneous power was to assess the uncertainty of measurements performed with the use of this system. The measuring system consisting of a FLUKE 5500A calibrator and a Keithley 2002 multimeter was used to assess the uncertainty of the measuring system consisting of a CV 3-500 voltage converter and a CT-5T current-voltage converter.
The results of these analyses will allow to define the measurement uncertainty which can be expected while performing diagnostic research of induction motor bearings, using the method of instantaneous power measurement and analysis in certain conditions at a test stand.
In the measuring system used for instantaneous power measurements, the measurement function is presented by the following formula:
As the measurement of instantaneous power is an indirect one [9] [10] [11] , the uncertainty u(p), assuming no correlation between the uncertainties of measured values, is defined by the following dependence:
where: u (p)  uncertainty of instantaneous power measurement, u 2 (u)  voltage measurement variance, u 2 (i)  current measurement variance. In accordance with formula (2), it is necessary to determine voltage measurement variance u 2 (u) and current measurement variance u 2 (i) in order to determine the uncertainty of instantaneous power measurement u(p).
The procedure which has to be followed while determining these variances is presented in Fig. 2 . The next subsection of this chapter presents the methodology for assessing values of the variances listed above in a measuring system with a voltage converter and a current-voltage converter.
Uncertainty of voltage measurement
The output voltage of a voltage converter is defined by the following dependence:
where: u 1 -output voltage of voltage converter, k 1 -ratio of voltage converter, u -input voltage of voltage converter.
The converter was tested for a number of frequencies and a few input voltage values in order to assess the uncertainty of voltage measurement. In the measuring system, a voltage value is defined by the measurement function which constitutes the basis for assessment of voltage measurement uncertainty. The voltage measurement variance u 2 (u) is defined by the following dependence [9 -11] :
where: u 2 (k 1 ) -variance of voltage converter ratio estimation, u 2 (u 1 ) -variance of measuring voltage with a data acquisition card.
Variance of voltage converter ratio estimation
The variance of voltage converter ratio estimation can be written as follows: In the conducted research, the Fluke 5500A calibrator generated the input signal for the converter. The variance of the average value of voltage connected to the converter input -
is presented by the following formula:
where:
u -variance of the output voltage value in the Fluke 5500A calibrator, presented in the specification by the producer. The abovementioned tested converter was the type CV 3-500 LEM converter. The tests were done for 6 frequency values: 50 Hz, 75 Hz, 90 Hz, 120 Hz, 500 Hz, 1000 Hz; for each of them at 6 different voltage values: 20 V, 50 V, 100 V, 150 V, 200 V, 230 V. The measurements were repeated 50 times. The components were calculated for each variant, in accordance with formula (5), (6) and (7). Table 1 presents the maximal obtained values of variance components.
Based on the assessed variances, we can observe that the ratio of voltage converter for frequencies of 120 Hz, 500 Hz and 1000 Hz is characterized by the lowest uncertainty value. In contrast, this uncertainty reaches its highest value for the frequency of the power network, i.e. 50 Hz. The main component of the uncertainty value for the frequency of 50 Hz is the measurement uncertainty resulting from the scatter of results measured with a multimeter. For each of the combinations of voltage and frequency, the variance components were calculated in accordance with formula (8). Table 2 presents maximal obtained values of variance components (the variance of measuring voltage with the data acquisition card) for each of the frequencies.
For measurements of voltage using the data acquisition card, it was assumed that the variance of the voltage is equal to the variance of the designation of the amendment to indicate the measurement card:
where: u 2 (u 1 ) -variance of voltage measurement performed with the data acquisition card. Based on the obtained results, it can be observed that the uncertainty of standard correction is the main component of uncertainty value related to measuring voltage with the data acquisition card. The u 2 2 value is greater by a few ranges of value than the remaining components of uncertainty of voltage measurements performed with the data acquisition card.
Complex variance of voltage estimation
The complex variance of voltage estimation -u 2 (u) was calculated in accordance with dependence (4). Table 3 presents sample calculation results regarding the complex uncertainty of voltage measurements, for the power network frequency of 50 Hz. With the confidence level assumed at 95% and the extension coefficient k = 2, the extended uncertainty U u of voltage measurement can be determined from the following formula [9] [10] [11] :
where: U u -extended uncertainty of voltage measurement, k -extension coefficient, u(u) -complex variance of voltage estimation.
The extended uncertainty of voltage measurement for the frequency of 50 Hz is:
The budget of voltage estimate uncertainty for the frequency of 120 Hz is presented in Table 4 . Comparing the values of extended uncertainty for the frequencies of 50 Hz and 120 Hz, it can be stated that for the frequency of 50 Hz this level of uncertainty is higher than in the measurements performed for the frequency of 120 Hz. These uncertainties do not exceed 1% of the value of the measured voltage.
Uncertainty of current measurement
In the measuring system, the current value is defined by the measurement function, which is the basis for assessment of current measurement uncertainty:
where: u 1 -output voltage of current-voltage converter, k 2 -ratio of current-voltage converter, i -input current of current-voltage converter. The variance of current measurement is defined by the following dependence [9] [10] [11] : 
Variance of current-voltage converter ratio estimation
The variance of current-voltage converter ratio estimation is given as: In the research discussed here, the Fluke 5500A calibrator generated the input signal for the converter. The variance of the average value of current connected to the converter input -
where: u 5 -uncertainty of output current value of Fluke 5500A calibrator, presented in the specification by the producer.
The tests on the current-voltage converter type CT-5T were performed for 6 frequency values: 50 Hz, 75 Hz, 120 Hz, 250 Hz, 500 Hz, 1000 Hz, at 6 different values of current intensity: 250 mA, 500 mA, 1 A, 1.9 A, 2.5 A, 2.9 A, for each of these frequencies. The measurements were repeated 50 times. The components were calculated for each of the variants in accordance with formulae (13), (14) and (15). Table 5 presents the maximal values obtained of these components. The above consideration shows that the main component of uncertainty related to currentvoltage converter ratio is the measurement uncertainty resulting from scatter of results measured with the Keithley 2002 multimeter.
Complex variance of current estimate
The complex variance of current estimate was calculated based on dependence (12). Sample calculation results for current measurement complex variance were obtained for two frequency values: 50 Hz and 120 Hz. The uncertainty budget of current estimate for the frequency of 50 Hz is presented in Table 6 . At the assumed confidence level equal to 95% and the extension coefficient k = 2, the extended uncertainty U i of current measurement can be determined from the following dependence [9] [10] [11] :
where: U i -extended uncertainty of current measurement, k -extension coefficient, u(i) -complex variance of current estimation.
Using formula (16), we calculated the extended uncertainty of current measurement at the frequency of 50 Hz. This uncertainty amounts to: U = 2·7.90·10 -3 = 1.58·10 -2  0.02 A. The uncertainty budget of current estimate for the frequency of 120 Hz is presented in Table 7 . The dependence (16) was used to assess the extended uncertainty. For the frequency of 120 Hz, this uncertainty amounts to: U = 2·8.50·10 -3 = 1.70·10 -2  0.02 A. Based on the performed calculations, the result of current measurement for the frequency of 50 Hz, at the assumed confidence level and sensitivity coefficient can be written down as: I = (2.90 ± 0.02) A.
Based on the performed calculations, the result of current measurement for the frequency of 120 Hz, at the assumed confidence level and sensitivity coefficient can be written down as: I = (2.90 ± 0.02) A.
Comparing the values of extended uncertainty of current measurement for the frequencies of 50 Hz and 120 Hz, it can be stated that these uncertainties do not exceed 5% of the value of the measured current.
Uncertainty of instantaneous power measurement
The uncertainty of instantaneous power measurement was calculated based on formula (2), i.e. the square root of the sum of voltage measurement variance u 2 (u) and current measurement variance u 2 (i) [9] [10] [11] . The standard uncertainty values of instantaneous power measurement for the same frequency values, at which the voltage-voltage and current-voltage converters were tested, are presented in the graph - Fig. 3 . 
Conclusions
It can be inferred from the above results that the highest level of uncertainty in instantaneous power measurements is characteristic for the measurements performed at the frequency of 90 Hz, while the lowest level -for the measurements at the frequency of 500 Hz.
In both measurement lines, i.e. of voltage and current, the largest contribution to the uncertainty budget is made by current and voltage converters respectively. Between these two, the uncertainty of the current converter has a decidedly higher value -even five times higher at certain points.
The extended uncertainty U p of instantaneous power measurement was also assessed. This uncertainty was determined at the assumed confidence level of 95% and the extension coefficient k = 2. For example, at the frequency of 50 Hz, the uncertainty U p = 3.92 VA, and at the frequency of 120 Hz -U p = 4.00 VA. The uncertainty U p = 3.92 VA occurred for the frequency of 50 Hz, the voltage value of 230 V and the current value of 2.9 A. Therefore, a full notation of the result of instantaneous power measurement can be presented as: p = (1014 ± 4) VA. Thus, the uncertainty of an instantaneous power measurement system does not exceed 1% of the measured value of instantaneous power.
